Abstract. The microstructure of an oxide dispersion strengthened ferritic PM2000 steel with a strong initial 〈100〉 texture has been investigated after compression by dynamic plastic deformation (DPD) at room temperature to a strain of 2.1. Measurements using electron backscatter diffraction and transmission electron microscopy indicate that DPD along the 〈100〉 direction results in a lamellar-type microstructure, in which lamellae of the 〈100〉 orientation alternate with 〈111〉 lamellae. These lamellae have a common rotation 〈110〉 axis in the compression plane. The microstructure is quite heterogeneous, where regions containing very narrow lamellae (with 〈111〉 lamellae as narrow as 20−40 nm) and regions of comparatively broad lamellae are found.
Introduction
Structural refinement by plastic deformation has been extensively investigated aiming at developing high-strength materials [1, 2] . In materials deformed by slip, significant structural refinement can be achieved due to grain subdivision by dislocation boundaries, for which the boundary spacing decreases with increasing strain, whereas the average misorientation angle and the fraction of high angle boundaries (HABs) increase with increasing strain [2−4] . For such materials, it has also been demonstrated that deformation at high strain rates can further accelerate the process of grain refinement [5] . For example, dynamic plastic deformation (DPD) [6] at a strain rate of 10 2 − 10 3 s -1 has been shown to refine the microstructure in Al and Ni more effectively than deformation at comparatively low strain rates [7, 8] . In the present study, structural refinement due to DPD is investigated for an oxide dispersion strengthened (ODS) ferritic steel, which is a candidate fuel cladding material for advanced nuclear reactors [9, 10] . For this application, a refined microstructure may be desired to improve not only the strength, but also the irradiation tolerance [11] . To enable a detailed quantitative analysis of the deformed microstructure, both electron backscatter diffraction (EBSD) and transmission electron microscopy (TEM) are utilized in the present work.
Experimental
A ferritic PM2000 steel (see Table 1 ) with nanoscale yttria dispersoids was received in the form of a hot-extruded rod with a diameter of 13 mm [12] . This as-received material was annealed at 1200 °C for 2 hours to obtain a fully recrystallized microstructure with a coarse grain size (above 5 mm) and texture dominated by grains having a 〈100〉 direction aligned with the extrusion direction (ED).
Cylindrical specimens having a diameter of 6 mm and height of 9 mm were machined with their cylinder axis along the extrusion direction. Compression of the cylinders was carried out by DPD [6] at room temperature with a strain rate of 10 2 − 10 3 s -1 by five passes to a total equivalent strain of 2.1.
Table 1
Nominal chemical composition (wt. %) of PM2000 [13] .
The microstructure of the deformed samples was investigated using both the EBSD and TEM in a section containing the compression axis (CA). TEM analysis was performed using a JEOL 2000 FX microscope. EBSD in a Zeiss Supra 35 field emission gun scanning electron microscope equipped with a Channel 5 system from HKL Technology was applied for orientation mapping with a step size of 30 nm. HABs were defined in the orientation maps as those with misorientation angles above 15°, whereas boundaries between 2° and 15° were defined as low angle boundaries (LABs).
Results
The deformed microstructure consists of two alternating types of lamellae closely aligned with the compression plane and having orientations with either a 〈100〉 direction along the CA (red in Figure  1a ,b) or a 〈111〉 direction along the CA (blue in Figure 1a ,b). The {110} pole figure in Fig.1b reveals that the 〈111〉 lamellae share one 110 pole with the 〈100〉 lamellae. This common pole is perpendicular to the CA, i.e. the rotation axis between the 〈111〉 and 〈100〉 lamellae is in the compression plane.
Lamellae of the two different types are always separated by HABs, and contain LABs in their interior (see Figure 1a and Figure 1c ). It is also apparent that the 〈100〉 lamellae are wider than those with the 〈111〉 orientation. The average width of the 〈100〉 and 〈111〉 lamellae in this microstructure is 1.4 µm and 0.5 µm, respectively. The average boundary spacing along the CA in Figure 1a is 0.3 µm. The microstructure is, however, not homogeneous, and considerable local variations are observed in the deformed sample. In some regions, original grains are subdivided by a much larger number of lamellar boundaries per area than in other regions. An example of such a well-refined region is shown in Figure  2 , where very narrow lamellae are observed. Here the average boundary spacing along the CA is 0.2 µm, and the average width of the 〈100〉 and 〈111〉 lamellae in this region is 0.54 µm and 0.11 µm, respectively, which is considerably smaller than the values obtained in the region shown in Figure 1a .
The width of the narrowest lamellae in Figure 2 is about 40 nm. TEM images (Figure 3 ) provide clear evidence that the width of the very narrow lamellae can vary from 20 nm to 40 nm. Similar to the EBSD data, analysis of selected area diffraction patterns and dark field images demonstrate that these very narrow bands have a 〈111〉 direction aligned with the CA. It is also evident that there is a large density of dislocations within the lamellae. 
Discussion
In agreement with earlier findings reported for compressed body centered cubic materials [14, 15] , the texture developed in our sample is a combination of pronounced 〈100〉 and 〈111〉 components. These final texture components are spatially distributed in the form of alternating lamellae, where 〈100〉 lamellae are significantly wider than 〈111〉 lamellae. Considering that the dominant texture of the initial material was 〈100〉 parallel to the CA, it is suggested that the 〈100〉 component seen after DPD corresponds to the orientation of the matrix, in which new and narrower 〈111〉 lamellae are formed. In general, since the 〈100〉 orientation is stable, no reorientation of the lattice leading to a new 〈111〉 component is expected. In this respect, the observation of 〈111〉 lamellae in grains with the 〈100〉 component appears surprising. It is suggested that small regions of the original grains reoriented into 〈111〉 lamellae by a 55° rotation of the crystallographic lattice around a common 110 pole, as seen in the {110} pole figure (Figure 1b) . It is noteworthy that despite the existence of two crystallographically equivalent [110] directions in the compression plane, all 〈111〉 lamellae in Figure 1a have almost identical orientations with their orientations rotated about the same [110] axis (see Figure 1b) . It is proposed that the occurrence of such alternating lamellae with two distinct 〈100〉 and 〈111〉 orientations and a well-defined orientation relationship between them is caused by a plastic instability similar to the bifurcation in the pattern of active slip systems during plane strain compression [16] . Such a heterogeneous activation of slip systems can be triggered by a heterogeneous character of DPD, which is consistent with our observations that the structural refinement during DPD is not uniform across the sample, where the boundary spacing varies greatly from region to region (cf. Figure 1 and Figure 2 ). 
Conclusion
Compression by DPD to a strain of 2.1 is found to significantly refine the initial microstructure of the ferritic ODS steel PM2000. The deformation results in a lamellar-type microstructure, in which 〈100〉 lamellae alternate with 〈111〉 lamellae. These different lamellae have a common [110] rotation axis in the compression plane. The microstructure is quite heterogeneous, where regions containing very narrow lamellae (with 〈111〉 lamellae as narrow as 20 − 40 nm) and regions of comparatively broad lamellae are found.
